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Wiskott±Aldrich Syndrome Protein,
a Novel Effector for the GTPase CDC42Hs,
Is Implicated in Actin Polymerization
Marc Symons,*² Jonathan M. J. Derry,*³§ (Johnson and Pringle, 1990) and in mammalian cells,
Brian Karlak,² Sharon Jiang,² Vanessa Lemahieu,‖ CDC42Hs triggers induction of microspikes and filo-
Frank McCormick,² Uta Francke,³‖ and Arie Abo² podia, followed by the formation of lamellipodia (Kozma
²Onyx Pharmaceuticals et al., 1995; Nobes and Hall, 1995). In addition,
3031 Research Drive CDC42Hs, Rac, and Rho also control the formation of
Richmond, California 94806 specialized adhesion complexes (Nobes and Hall, 1995).
³Howard Hughes Medical Institute Lamellipodia and stress fibers induced by CDC42Hs are
Beckman Center for Molecular and Genetic Medicine inhibited by the dominant negative Rac-N17 and by C3
‖Department of Genetics exoenzyme, respectively, suggesting that the GTPases
Stanford University Medical Center CDC42Hs, Rac, and Rho can be organized in a linear
Stanford, California 94305 cascade to control the actin cytoskeleton (Nobes and
Hall, 1995). Similarly, a GTPase cascade involving Bud1
and CDC42 is implicated in actin reorganization during
Summary budding in Saccharomyces cerevisiae (Zheng et al.,
1995). The GTPase targets involved in mitogenesis and
The Rho family of GTPases control diverse biological the control of the actin cytoskeleton are currently un-
processes, including cell morphology and mitogen- known. An effector candidate for Rac and CDC42Hs
esis. We have identified WASP, the protein that is de- was recently identified as the serine/threonine kinase
fective in Wiskott±Aldrich syndrome (WAS), as a novel PAK65, which is related to yeast STE20 (Manser et al.,
effector for CDC42Hs, but not for the other Rho family 1994; Martin et al., 1995). Whereas PAK65 kinase activity
members, Rac and Rho. This interaction is dependent is stimulated by GTPase-dependent autophosphoryla-
on the presence of the G protein±binding domain. Cel- tion, no link to the cytoskeleton has yet been estab-
lular expression of epitope-tagged WASP produces lished. Other potential players include phosphoinositol
clusters of WASP that are highly enriched in polymer- (PI) 5-kinase activated by Rho (Chong et al., 1994), PI
ized actin. This clustering is not observed with a 3-kinase activated by CDC42Hs (Zheng et al., 1994), and
C-terminally deleted WASP and is inhibited by coex- phospholipase A2 activated by Rac (Peppelenbosch et
pression with dominant negative CDC42Hs-N17, but al., 1995) to produce PIP2, PIP3, and arachidonic acid,
not with dominant negative forms of Rac or Rho. Thus, respectively. These lipid products may modulate the
WASP provides a novel link between CDC42Hs and activity of actin-binding proteins involved in the control
the actin cytoskeleton, which suggests a molecular of actin polymerization. Recent data support the involve-
mechanism for many of the cellular abnormalities in ment of Rho-like GTPases in multiple pathways, includ-
WAS. The WASP sequence contains two novel do- ing the stress-activated (JNK/SAPK) signaling cascade
mains that are homologous to other proteins involved (Minden et al., 1995; Coso et al., 1995), stimulation of
in actin organization. DNA synthesis, transcriptional activation by serum re-
sponse factor (Hill et al., 1995), and cell transformation
Introduction (Qiu et al., 1995a).
In this study, we report the isolation of a novel effector
Members of the Ras superfamily of small GTPases play for CDC42Hs and identify it as the Wiskott±Aldrich syn-
essential roles in the regulation of diverse cellular func- drome (WAS) protein (WASP). The WASP gene was re-
tions such as growth control, vesicular transport and cently isolated by positional cloning and was shown to
cytoskeletal organization (Nobes and Hall, 1994). These be mutated in WAS patients (Derry et al., 1994). WAS is
proteins function as binary molecular switches by cy-
an X-linked recessive disorder characterized by the triad
cling between the active GTP-bound state and the inac-
of thrombocytopenia, recurrent infections due to de-
tive GDP-bound state (Boguski and McCormick, 1993).
fects in T and B cell function, and eczema (AmmannThe Rho-like GTPases include RhoA, RhoB, and RhoC,
and Hong, 1989). The cellular defects in WAS patients
Rac1 and Rac2, CDC42Hs, RhoG, and TC10. Members
are limited to hematopoietic lineages and include cy-of this subfamily share z30% sequence identity with
toskeletal abnormalities of T cells and platelets (Molinaother Ras-related proteins and >50% sequence identity
et al., 1992), failure of B cells to respond to polysaccha-with each other (Nobes and Hall, 1994).
ride antigens, and defective chemotaxis in neutrophilsOver the last few years, it has become apparent that
(Ochs et al., 1980), suggesting that a defect in the organi-members of the Rho subgroup are key elements in the
zation of actin cytoskeleton may lie at the basis of thedynamic organization of the actin cytoskeleton. Dissec-
syndrome. Approximately 50 different naturally oc-tion of the function of Rho GTPases in mammalian cells
curring WASP mutations have been identified in patientsidentified Rac as a mediator of growth factor±induced
with classic or attenuated forms of the disease, withlamellipodia formation (Ridley et al., 1992) and Rho as
some correlation between the various missense, non-a regulator of stress fibers (Ridley and Hall, 1992). In
sense, and splice site mutations and clinical severityyeast,CDC42 was shown to be involved in bud formation
(Derry et al., 1995a; Kolluri et al., 1995; Kwan et al., 1995;
Villa et al., 1995; Zhu et al., 1995; Wengler et al., 1995).*These authors contributed equally to this study.
The WASP sequence encodes a proline-rich protein§Present address: Immunex Corporation, 51 University Street, Seat-
tle, Washington 98101. and was shown recently to bind NCK (Rivero-Lezcano
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et al., 1995), an SH3/SH2 adaptor protein (Lehmann et
al., 1990). The WASP sequence also contains a putative
nuclear localization signal and an acidic C-terminal do-
main (Derry et al., 1994). By cell fractionation, WASP
has been shown to be cytosolic with low levels in the
nucleus (Rivero-Lezcano et al., 1995).
Here we report that WASP has a GTPase-binding site
that is similar to those found in Rac/CDC42Hs effector
proteins and show that it interacts specifically with acti-
vated CDC42Hs. In different cell types, WASP localizes
in clusters that are enriched in polymerized actin and
are regulated by CDC42Hs. In addition, we also identi-
fied novel domains on WASP that are conserved among
proteins that are involved in the organization of the actin
cytoskeleton. Our study provides a link between a mem-
ber of the Rho family, its effector WASP, and the control
of actin polymerization and suggests a possible mecha-
nism for defects of WAS that are associated with actin
cytoskeleton abnormalities.
Results
A 62 kDa CDC42Hs-Binding Protein
in Neutrophils Is Identical to WASP
By utilizing an overlay method, we recently identified
three proteins in human neutrophil cytosol that bind the
activated GTPase CDC42Hs (Martin et al., 1995). When
fractions of cytosol, separated on a Mono Q column, Figure 1. Fractionation and Protein Analysis of Neutrophil Cytosol
are probed on a filter with CDC42Hs preloaded with (A) Neutrophil cytosol (10 ml; z10 mg of protein) was applied on a
Mono Q column and eluted with a 30 ml salt gradient (0±0.5 M NaCl).[g-32P]GTP, three bands of apparent molecular sizes 62,
Collected fractions were analyzed by the overlay assay and probed65, and 68 KDa are detectable (Figure 1A). As previously
with [g-32P]GTP±CDC42Hs.reported, p65 is a member of the PAK family, whose
(B) The same filter used in (A) was washed and subsequently was
kinase activity is stimulated by Rac or CDC42Hs (Martin subjected to immunoblot analysis with rabbit polyclonal antiserum
et al., 1995). We have now isolated the p62 protein, by developed against recombinant WASP (amino acids 48±321).
sequential column chromatography, and have deter- (C) Sequence homology between a peptide obtained from enzymati-
cally digested p62 and WASP. Identical amino acids are shown inmined the sequence of a tryptic peptide. Interestingly,
bold.16 of 17 amino acids of this peptide are identical to
amino acid sequence 288±304 of WASP (Figure 1C). The
discrepant residue, a glutamate in p62 and a glutamine Marcus et al., 1995; Ramer and Davis, 1993), the GBD
in WASP, is most likely due to an error in peptide se- was also found in several proteins that are not serine/
quencing since a glutamine is conserved in the mouse threonine kinases, including WASP (Figure 2A). By com-
WASP gene (Derry et al., 1995b) and since no E/Q se- paring the putative GBD of PAK-related genes from hu-
quence polymorphism has been observed in numerous man to yeast, a consensus of 14 amino acids can be
human WASP (hWASP) alleles (Derry et al., 1995a). derived (Figure 2A). The WASP GBD sequence (amino
To confirm that p62 and WASP are identical proteins, acids 238±257) shares 10 of the 14 residues of the con-
we probed the filter of fractionated cytosol protein sensus and six of the eight amino acids that are invariant
shown in Figure 1A with anti-WASP antibody and subse- in the other proteins (marked by asterisks in Figure 2A).
quently with anti-PAK65 antibody. The p62 protein
eluted in fractions 16±20 and was recognized by anti- WASP Binds Preferentially to CDC42Hs
WASP antibody (Figure 1B), whereas p65 eluted in frac- Having identified p62 as WASP, we next studied the
tions 11±15 and was detected with anti-PAK65 antibody binding specificity of a WASP±glutathione S-transferase
(data not shown). These results further establish that (GST) fusion protein for the GDP- or GTP-bound forms
p62 and WASP are the same protein. of members of the Rho GTPase family. WASP±GST, con-
taining amino acids 48±321 that include the putative
GBD (amino acids 238±257) but exclude most of theWASP Contains a CDC42Hs-Binding Domain
To identify proteins that contain the putative GTPase proline-rich region (Derry et al., 1994), interacted only
with the GTP-bound form of CDC42Hs but did not inter-(Rac/CDC42Hs)-binding domain (GBD) of PAK (Manser
et al., 1994), we conducted a search through the data- act with Rac or Rho (Figure 2B). After longer exposure
of the film, a very weak interaction was observed forbase using the GBD sequence of human PAK65
(hPAK65) (74-EISPPSDFEHTIHVGFDTVTG-95) as the GTP-bound Rac1, but not for Rho. In contrast, hPAK65
interacts strongly with the GTP-bound forms of bothquery. Interestingly, in addition to PAK-related proteins
such as STE20, CLA4, and Shk1 (Cvrckova et al., 1995; Rac1 and CDC42Hs. No binding was detected for GST
WASP Is an Effector for CDC42Hs
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Expression of WASP Induces Ectopic
Actin Polymerization
To determine the subcellular distribution of WASP, we
performed transient transfection of normal rat kidney
(NRK) epithelial cells with FLAG epitope±tagged WASP.
Examination of the cells 40±48 hr posttransfection
showed cytoplasmic staining in most of the transfected
cells. In a small minority (<5%), only the nucleus was
labeled. Cells expressing low levels of WASP displayed
a punctate pattern of WASP staining, whereas higher
expressing cells showed extended cluster formation of
WASP-containing particles (Figure 3A). Dual labeling
with phalloidin, a fungal toxin specific for filamentous
actin (F-actin), revealed a striking colocalization of
WASP with polymerized actin, both for the small WASP-
containing particles and the larger clusters (Figure 3B).
This costaining was not seen for all actin structures
in the cell; none of the endogenous stress fibers, for
instance, were clearly labeled with the anti-FLAG anti-
body, although all regions labeled with anti-FLAG anti-
body also contained F-actin. Transfected cells express-
ing very high levels of WASP showed a reduction in the
number of stress fibers, indicating a disruption of the
endogenous actin cytoskeleton.
To determine the region of WASP responsible for actin
cluster formation, we transfected cells with a construct
containing a 443 amino acid, C-terminally truncated
WASP (WASPDC). In WASPDC-transfected cells, the flu-
orescent labeling was much more uniformly distributed;
punctate staining throughout the cytoplasm could only
be detected in cells with high levels of expression (Figure
3C), and colocalization with polymerized actin could not
be unambiguously detected (Figure 3D). Similar results
were obtained using transient transfection of monkey
COS7 cells (data not shown). These results suggest that
WASP C-terminal 59 amino acids are implicated in the
control of actin polymerization or localization of WASPFigure 2. WASP Binds to Activated CDC42Hs via Its GBD
to actin-containing structures, or both. Alternatively, this(A) The putative GBDs in WASP- and PAK-related proteins are com-
deletion could have an effect on WASP folding, therebypared. Conserved amino acids are shown in bold, and invariant
amino acids are indicated by asterisks. altering its function. Experiments with the reciprocal
(B) Recombinant proteins hPAK65, GST±WASP, and GST (2±3 mg) construct, containing only the C-terminal 60 amino
were analyzed by the overlay assay with the indicated GTPase pre- acids, are in progress.
loaded either with [g-32P]GTP or [b-32P]GDP.
Jurkat T cells, which normally express the WASP gene(C) hPAK65, GST±WASP, GST±WASP without the GDB, and GST±
(Derry et al., 1994), may be more physiologically relevantGBD recombinant proteins were analyzed by the overlay assay with
CDC42Hs preloaded with [g-32P]GTP. for in vivo studies than epithelial cell lines such as NRK
or COS cells, which do not express endogenous WASP.
Therefore, we transfected the two epitope-tagged
WASP constructs into Jurkat cells and studied the local-alone. These results indicate that WASP is primarily an
ization of the proteins. Although these cells have aeffector for CDC42Hs.
smaller cytoplasmic compartment and are much
rounder than COS7 orNRK cells, colocalization of WASPThe GBD Is Sufficient and Essential
with F-actin was still apparent, with large punctate areasfor CDC42Hs Binding
of labeling in the cytoplasm (Figures 3E and 3F). TheTo evaluate the role of the putative GBD, we have de-
truncated WASPDC yielded cytoplasmic labeling with noleted the GBD from the WASP±GST plasmid (amino
evidence for colocalization with actin (data not shown).acids 237±257) and constructed a GST fusion plasmid
that contains the WASP±GBD (amino acids 235±268).
As demonstrated by overlay assay (Figure 2C), the fusion
Functional Interaction of WASP with CDC42Hsprotein WASP±GST without GBD did not bind activated
We next performed microinjection studies with WASPCDC42Hs, while the small peptide including the GST±
expression plasmids in porcine aortic endothelial (PAE)GBD fusion protein did bind. These experiments confirm
cells. As was found in the transfection studies, cellsthat the GBD of WASP is both necessary and sufficient
for CDC42Hs binding. expressing low levels of WASP displayed punctate la-
Cell
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Figure 3. Transient Expression of Transfected
WASP Constructs in Rat NRK Cells and in
Jurkat Cells
(A±D) NRK cells. (E and F) Jurkat cells. Cells
labeled with anti-FLAG antibody (A, C, and
E) and simultaneously stained with phalloidin
(D, B, andF) werephotographed in a standard
fluorescence microscope. Cells in (A) and (B)
and in (E) and (F) were transfected with a
full-length epitope-tagged WASP construct,
while for the cells in (C) and (D), we used a
truncated WASP (WASPDC) missing the 59
C-terminal amino acids. Fluorescence micro-
graphs compare anti-FLAG (A, C, and E) and
phalloidin staining (D, B, and F).
beling of the cytoplasm, while cells expressing higher in F-actin (Figure 4B). Expression of WASPDC generated
a much more diffuse distribution of WASP and greatlylevels of WASP contained extended clusters of WASP-
rich particles (Figure 4A), which were strongly enriched diminished formation of extended clusters (Figure 4C).
Figure 4. Microinjection of WASP Plasmids
into PAE Cells
Expression of WASP (A and B) and of
WASPDC (C and D) leads to different patterns
of fluorescence when anti-FLAG (A and C)
and phalloidin staining (B and D) are com-
pared. Bar represents 10 mm.
WASP Is an Effector for CDC42Hs
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Furthermore, the relatively few clusters were not en- did inhibit Rac-induced lamellipodia formation (right cell
in Figure 7D). Expression of constitutively active RhoA-riched in F-actin (Figure 4D).
To examine the relation between WASP cluster forma- V14 in PAE cells caused stress fiber formation and cell
contraction (Figure 7E), similar to thephenotype inducedtion and actin polymerization further, we microinjected
cells with WASP expressing plasmids and incubated by RhoA-V14 in other cell types (Ridley and Hall, 1992).
Coexpression of WASP, even at high levels, did notthem with a low concentration (0.1 mg/ml) of cytocha-
lasin D (CD) shortly after injection. This treatment caused have any effect on the RhoA-V14 phenotype (Figure 7F).
Taken together, these in vivo results are consistent withstrong inhibition in the formation of extended clusters
(compare Figures 5A and 5C), suggesting that the clus- the specific in vitro interaction of WASP with CDC42Hs,
its much weaker binding to Rac, and its lack of interac-tering process is dependent on actin polymerization.
Interestingly, once the extended clusters are formed, tion with Rho.
the polymerized actin that localizes to these clusters is
strongly resistant to CD treatment at concentrations up Putative Domains Present in WASP
and Other Proline-Rich Proteinsto 1 mg/ml for 45 min (data not shown).
To study the functional interaction of WASP with Rho Having identified a link between WASP and F-actin, we
speculated that WASP may also contain sequences thatfamily GTPases, we coexpressed WASP with the domi-
nant negative constructs CDC42Hs-N17, Rac1-N17, and represent interaction sites for common cellular compo-
nents implicated in actin organization and that theseRhoA-N19. CDC42Hs-N17 strongly inhibited extended
cluster formation of WASP (Figure 6B), while Rac1-N17 domains could be conserved in other proteins. Thus, we
compared the amino acid sequence of WASP, excludingand RhoA-N19 had no effect (Figures 6C and 6D), indi-
cating that CDC42Hs is essential for WASP clustering. the polyproline sequences, with the amino acid and nu-
cleotide sequences of the nonredundant sequence da-We further explored these in vivo interactions by coex-
pressing WASP with constitutively active forms of these tabase and with the expressed sequence tag database
dbEST using the BLASTP and TBLASTN programs (Ste-GTPases: CDC42Hs-V12, Rac1-V12, or RhoA-V12. Ex-
pression of CDC42Hs-V12 induced extensive lamelli- phen et al., 1990). In addition to the GBD, we identified
two distinct sequences in WASP in the N-terminal andpodia and promoted highly characteristic bundling of
stress fibers in PAE cells (Figure 7A), consistent with in C-terminal regions of WASP that are conserved in
several proline-rich proteins known to be involved in theearlier observations indicating that CDC42Hs activates
a GTPase cascade comprised of Rac and Rho (Nobes organization of actin cytoskeleton (Figure 8A). Because
these regions were originally identified in WASP, weand Hall, 1995). Expression of WASP, even at low levels,
strongly inhibited this phenotype (Figure 7B).Expression propose that these putative domains be termed WASP
homology 1 and 2 (WH1 and WH2) domains. The domainof constitutively active Rac1-V12 in PAE cells caused a
very similar phenotype to that of CDC42Hs-V12, except structures of proteins that contained WH1 and WH2 are
shown in Figure 8B. WH1 is situated near the N-terminusthat stress fiber bundling was less marked (Figure 7C).
WASP at low expression levels did not interfere with of the identified proteins, followed by a long repetitive
polyproline sequence. In contrast, the WH2 motif followsthis phenotype (left cell in Figure 7D), but at expression
levels high enough to lead to extensive clustering WASP a polyproline sequence located near the N-terminus. A
Figure 5. WASP±Actin Cluster Formation Is
Inhibited by CD
Expression of WASP in the presence (A and
B) and absence (C and D) of CD. Cells in
(A) and (B) were injected with the full-length
epitope-tagged WASP cDNA. The cells were
treated 2 hr after injection with CD at 0.1 mg/
ml for an additional 3 hr. Fluorescence micro-
graphs compare anti-FLAG staining (A and C)
and phalloidin staining (B and D). Bar repre-
sents 10 mm.
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Figure 6. WASP Cluster Formation Is Inhib-
ited by Coexpression of Dominant Negative
CDC42Hs-N17
Fluorescence micrographs of anti-FLAG
staining of cells expressing WASP alone (A),
coexpressing WASP with CDC42Hs-N17 (B),
with Rac1-N17 (C), and with RhoA-N19 (D).
Bar represents 25 mm.
polyproline protein from S. cerevisiae (YSCLAS17) re- interacts with the activated form of CDC42Hs and have
identified it as the product of the gene mutated in WASveals a striking structural similarity to WASP and con-
tains the WH1 in the N-terminus and polyproline se- (Derry et al., 1994). Moreover, we have established a
functional connection between CDC42Hs, WASP, andquences followed by WH2 in the C-terminus (Figure 8B).
actin polymerization. The CDC42Hs±WASP±F-actin in-
teraction establishes a link for a Rho family GTPase withDiscussion
the actin cytoskeleton and also provides an indication
of the function for WASP, laying the basis for a molecularTo elucidate the signaling pathways in which the Rho
GTPases are involved, we searched for novel GTPase understanding of the clinical syndrome.
Transfection and microinjection of WASP-expressingeffectors. We have isolated a 62 kDa protein (p62) that
Figure 7. Expression of WASP Interferes with
CDC42Hs Function in PAE Cells
Fluorescence micrographs of phalloidin
staining of cells expressing CDC42Hs-V12
(A), CDC42Hs-V12 and WASP (B), Rac1-V12
(C), Rac1-V12 and WASP (D), RhoA-V14 (E),
and RhoA-V14 and WASP (F). Bar represents
25 mm.
WASP Is an Effector for CDC42Hs
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Figure 8. Sequence Comparison
(A) Alignment of the putative WH1 and WH2
domains of amino acid sequences of hWASP,
mouse WASP (mWASP), S. cerevisiae pro-
line-rich protein YSCLAS17 (NCBI accession
number 1101757), human VASP (hVASP)
(NCBI accession number 1085412), Drosoph-
ila ENA (dena) (NCBI accession number
755821), verprolin (NCBI accession number
871535), THC123988 (dbEST), proline-rich
Caenorhabditis elegans protein CELR144
(NCBI accession number 746496), proline-
rich Xenopus laevis protein XLOOCM (NCBI
accession number 64956), and EST06016
(dbEST). Alignment was produced using the
Laser Gene program. Stippled boxes indicate
residues that are identical in at least two
members of the group.
(B) Domain structure of proteins containing
theWH1 and WH2 domains. The relative posi-
tions of WH1, WH2, polyproline sequences,
and GBD are compared among the above
proteins. Proline-rich regions (PPPPPPPP)
represent long stretches of 5±16 consecutive
prolines.
plasmids into different cell types consistently demon- studies reveal that WASP binds specifically to the GTP-
bound form of CDC42Hs, but not to activated Rac orstrated that WASP has a profound effect on actin poly-
merization. WASP expression induces the formation of Rho. Based on sequence alignment, we have identified
a putative GBD and derived the consensus sequenceF-actin-rich particles or, in overexpressing cells, dense
aggregates of WASP and polymerized actin. These parti- PxxxxHxxHVGxxxxxG. Furthermore, studies with a
GBD-deleted WASP construct and with a GST±GBD-cles are likely to contain new sites of F-actin nucleation.
The precise nature of these WASP-containing particles only construct demonstrate that the 21 amino acids of
the GBD are necessary and sufficient for WASP±and clusters is not yet clear, however; so far, we have
not observed any colocalizationwith markers for various CDC42Hs interaction.The specificity and biological rele-
vance of this interaction are further demonstrated byvesicular compartments. In addition, WASP clustering
was not inhibited by the microtubule depolymerizing studies of in vivo coexpression of WASP with dominant
negative mutant forms of the GTPases. Dominant nega-drug nocodazole (our unpublished data). In contrast,
treatment with CD disrupted the formation of WASP tive CDC42Hs-N17 interferes with WASP cluster forma-
tion while WASP-induced cluster formation is not inhib-clusters, suggesting the involvement of an actomyosin-
based process in the formation of these structures. ited in cells expressing Rac-N17 or Rho-N19.
Further, coexpression of WASP with the constitutivelyWe have shown that the regulation of WASP±actin
cluster formation is mediated by the Rho family GTPase active mutant protein CDC42Hs-V12 disrupts lamelli-
podia formation in these cells. This inhibition is observedCDC42Hs. The Rho family GTPases have been pre-
viously implicated in distinct dynamic processes involv- in cells expressing very low levels of WASP. In contrast,
inhibition could only be observed at high expressioning the actin cytoskeleton: the formation of filopodia
and lamellipodia by CDC42Hs and Rac, respectively, levels of WASP in cells coexpressing Rac-V12, sug-
gesting that WASP is predominantly a target ofand the assembly of focal adhesions and stress fibers
by Rho (Ridley and Hall, 1992; Ridley et al., 1992; Nobes CDC42Hs. The observation that WASP inhibits lamelli-
podia formation in PAE cells expressing the constitu-and Hall, 1995; Chant and Stowers, 1995). Our in vitro
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tively active CDC42Hs-V12 is most readily explained by
assuming that CDC42Hs normally activates Rac and
that overexpressed WASP acts in a dominant negative
fashion by sequestering activated CDC42Hs.
The clinical features of WAS also support a link be-
tween WASP function and the actin cytoskeleton. The
most common clinical manifestation is severe thrombo-
cytopenia. One possible mechanism for this could be
that mutations in the WASP gene lead to abnormal cy-
toskeletal rearrangement in the megakaryocyte, which
results in defective platelet formation. Abnormalities of
platelet shape or surface features are recognized by the
spleen, which sequesters and destroys these platelets,
thereby releasing abnormal microplatelets into the cir-
culation. After splenectomy, circulating platelets are re-
stored to normal size and numbers (Mullen et al., 1993).
Profound immunodeficiency involving B and T cells
and recurrent infections are associated with the syn-
drome (Ochs et al., 1980). Morphological and biochemi-
cal studies have suggested that the underlying defect Figure 9. Role of WASP in Transmitting Signals from CDC42Hs to
in these phenomena also may involve the actin cytoskel- the Actin Cytoskeleton
eton (Molina et al., 1992, 1993). Scanning electron mi- In this model, CDC42Hs plays a pivotal role in delivering signals
both to the nucleus via PAK65 and a MAP kinase cascade andcroscopy of T cells from WAS patients has shown that
to the cellular cytoskeleton via WASP. WASP may be targeted tomicrovilli are decreased in size and density compared
particular cellular locations, possibly via its C-terminus, and thenwith normal (Kenney et al., 1986; Molina et al., 1992).
may recruit proteins such as profilin to nucleate new actin polymer-
This abnormal feature has been proposed to reflect a ization. There is also evidence that WASP may receive signals from
fundamental defect in the T cell cytoarchitecture. Fur- tyrosine kinases via the adaptor protein NCK (Rivero-Lezcano et
thermore, the failure of WAS B cells to respond to poly- al., 1995). The upstream regulation of CDC42Hs may involve G pro-
tein±coupled receptors such as the bradykinin receptor (Kozma etsaccharide antigens (Ochs et al., 1980) and of WAS T
al., 1995). In neutrophils, chemotactic receptors may feed into thecells to respond to immobilized anti-CD3 monoclonal
CDC42Hs±WASP pathway, thereby producing the cytoarchitecturalantibody (Molina et al., 1993) is also consistent with an
rearrangements necessary for cellular movement.
underlying transmembrane signaling defect linked to an
abnormality in the actin cytoskeleton. Recognition of
nucleus and the cytoskeleton through CDC42 (Simon etmitogenic stimuli is likely to require cell polarization me-
al., 1995), while in mammalian cells, the known upstreamdiated by actin cytoskeletal rearrangements. This hy-
effectors for CDC42Hs, bradykinin, thrombin, and fMLP,pothesis is supported by the observation that actin
all signal through G protein receptors (Kozma et al.,bundling is necessary for T cell activation by anti-CD3
1995; Teo et al., 1995; Knaus et al., 1995). Thus, an(Parsey and Lewis, 1993). It is interesting to note in this
apparently conserved signaling pathway in yeast andrespect that CDC42Hs is also required for the polariza-
mammals involves G protein±coupled receptor, CDC42tion of T cells toward antigen-presenting cells (Stowers
and the PAK family kinases, STE20 and PAK65 in yeastet al., 1995). The role of CDC42Hs in filopodia formation
and mammals, respectively, that deliver signals to thehas been previously demonstrated by microinjection ex-
nucleus (Figure 9). In addition, CDC42 must interact withperiments and shown to be independent of Rho and
effectors that directly impact the cytoskeleton. We haveRac (Kozma et al., 1995; Nobes and Hall, 1995). Thus,
provided evidence that in neutrophils and lymphocytesWASP may fulfill two roles in T cells, to stabilize microvil-
this effector is WASP. In yeast and mammalian cells oflus projections and to transmit signals to the cytoskele-
nonhematopoietic origin the actin-regulating effectorston. Taken together, the effects of WASP on the cy-
for CDC42 are currently unknown. It is likely, however,toskeleton and the specific interaction with CDC42Hs
that some of these effectors share properties withprovide an explanation for the T cell abnormalities ob-
WASP.served in WAS.
WASP contains polyproline regions that may interactWASP expression was originally found to be restricted
with SH3-containing proteins as previously suggestedto cells of lymphoid, erythroblastic, and megakaryocytic
(Derry et al., 1994, 1995b). Indeed, the SH3 domain oforigin (Derry et al., 1994). We have now also detected
NCK was recently found to bind WASP (Rivero-LezcanoWASP/p62 in neutrophil and macrophage cytosol, which
et al., 1995). NCK also interacts with another Rac/raises the possibility that WASP plays a role in the orga-
CDC42Hs effector protein, mouse PAK3 (Bagrodia etnization of the phagocyte cytoskeleton. It has been re-
al., 1995), and with tyrosine kinase receptors (Li et al.,ported that chemotactic responses of neutrophils from
1992). This raises thepossibility that WASP function mayWAS patients are abnormal (Ochs et al., 1980), poten-
also be regulated by tyrosine kinase signaling pathwaystially as a direct result of a defect in WASP-regulated
(Figure 9). In addition to the SH3-binding domain, WASPactin polymerization. In this regard, it is interesting to
contains longer repeated proline-rich sequences, typi-note that some chemokines signal through G protein±
cally four to five consecutive residues with one stretchcoupled receptors. In the yeast S. cerevisiae, the G pro-
tein±coupled pheromone receptor signals to both the of 11 prolines. The role of repetitive proline sequences
WASP Is an Effector for CDC42Hs
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is still uncertain. In several instances, they have been of VASP typically appear as Gly(Pro)5, and three of the
four copies are in a tandem repeat configuration. More-shown to be involved in association of multiple protein
complexes (Williamson, 1994). Interestingly, we were over, a peptide corresponding to the VASP Gly(Pro)5
tandem repeat competes with VASP in binding to pro-able to identify in the database two additional se-
quences that contain a GBD consensus sequence and a filin, supporting thenotion that this region is important in
VASP±profilin binding (Haffner et al., 1995). Interestingly,proline-rich domain and are not related to PAK proteins.
Both sequences encode long proline repeats, one of hWASP also contains a Gly(Pro)5 sequence (Derry et al.,
1994) while the mouse protein contains two such motifswhich reveals sequence homology to a vinculin-related
protein from a lower organism (data not shown). It is (Derry et al., 1995b), suggesting that the effect of WASP
on actin polymerization may be mediated through a di-interesting to note that the GBD has thus far only been
found in PAK-related kinases and in proteins containing rect interaction between WASP and profilin.
Three models have been proposed for the role ofproline repeats, suggesting that these proline-rich pro-
teins may represent novel GTPase targets that have VASP/profilin in actin polymerization. In the first model,
VASP-bound profilin may regulate actin polymerizationsimilar functions.
We also identified two novel putative domains in by dissociating actin to increase the local concentration
of free actin. In the second model, VASP and profilinWASP, WH1 and WH2, that are conserved among sev-
eral proline-rich proteins. Some of these WH1/WH2- interaction may lead to actin dissociation, followed by
the formation of actin filaments. In the third model, VASPcontaining proteins were shown to be involved in the
regulation of the actin cytoskeleton: Vasodilator-stimu- may be involved in stimulating the exchange of ATP on
actin (Pollard, 1995; Theriot and Mitchison, 1993). Inlated phosphoprotein (VASP) was shown to be impli-
cated in actin polymerization (Haffner et al., 1995), and addition, VASP was detected atstress fibers, focal adhe-
sions, and cell surface protrusions (Haffner et al., 1995),verprolin was shown to play a role in cytoskeletal organi-
zation and cellular growth in S. cerevisiae (Donnelly et whereas the C-terminally truncated VASP failed to local-
ize to these sites. In this study, we have provided evi-al., 1993). In addition, ENA, the protein product of the
Drosophila gene enabled, is involved in axonal architec- dence that the C-terminal 59 amino acids of WASP are
involved in the formation of WASP clusters and actinture, consistent with a role in regulation of actin cy-
toskeleton (Gertler et al 1995). The fact that WH1 and polymerization. An alternative interpretation of our re-
sults is that the C-terminally truncated WASPDC proteinWH2 are conserved among polyproline-rich proteins
that are implicated incytoskeletal organization suggests is not folded properly, thereby disrupting its normal
function. However, if it is indeed the case that thethat they represent novel functional domains associated
with the cytoskeleton. It is likely that the identified WH1/ C-terminal region of WASP is directly involved in actin
polymerization, similar to the C-terminal region of VASP,WH2-containing proteins may also be regulated by Rho-
like GTPases via the interaction with a domain that is these regions may contain domains necessary for local-
ization of these proteins to distinct sites in the cell. Thedifferent from the putative GBD. It is tempting to specu-
late that WH1/WH2 domains may be involved in linking structural similarities between VASP and WASP suggest
that they may play related roles in actin polymerization.proline-rich proteins that are regulated by GTPases to
structural components of the cytoskeleton. In summary, this study provides a link between the
GTPase CDC42Hs, its effector WASP, and actin poly-Mutations in WASP that affect domains identified as
having functional importance in this study have been merization and demonstrates the pivotal role of CDC42
in the regulationof twopathways, a MAP kinase cascadefound in WAS patients. The WH1 domain, encoded by
exons 2 and 3, contains most of the missense mutations leading to transcription activation and a second path-
way linking to the cytoskeleton that in hematopoieticidentified to date. Eleven consensus amino acids have
been mutated in patients with either thrombocytopenia cells involves WASP (Figure 9). The elucidation of the
biochemical mechanism by which WASP and CDC42Hsor classical WAS (Derry et al., 1994, 1995a; Kolluri et al.,
1995; Zhu et al., 1995; Wengler et al., 1995; Kwan et al., regulate actin polymerization will contribute to our un-
derstanding of the regulation of the actin cytoskeleton.1995). The GBD, encoded by parts of exons 7 and 8,
has been disrupted in a single patient with classical
WAS (Derry et al., 1995a). In the C-terminal 59 amino Experimental Procedures
acids, encoded by exons 10 to 12, missense mutations
Protein Purification and Peptide Sequencingnot involving the WH2 domain have been identified in
p62 was purified from human neutrophil cytosol by sequential chro-patients with thrombocytopenia as well as with severe
matography steps, including Mono Q, phenyl±Superose, and MonoWAS, while mutations leading to premature termination
S columns, essentially as described previously for p65 (Martin et
of protein synthesis in this region are associated with al., 1995). Partially purified p62 was electrophoresed on SDS±
severe disease (Derry et al., 1995a; Kolluri et al., 1995; polyacrylamide gels, stained with Coomassie blue, and excised. The
Zhu et al., 1995; Wengler et al., 1995). protein was digested with endoproteinase Ly-C, and peptides were
separated by HPLC and were subjected to amino acid analysis asIt is conceivable that WASP regulates the polymeriza-
described previously (Martin et al., 1995).tion of actin in a similar mechanism as VASP. VASP
was recently shown to interact with a monomeric actin-
Overlay Assay and Immunoblottingbinding protein, profilin. VASP is implicated in the as-
The overlay assay used to detect CDC42Hs effectors is essentially
sembly of actin filaments, which are essential for the as previously described (Martin et al., 1995). In brief, analyzed pro-
motility of Listeria monocytogenes in the cytoplasm of teins were electrophoresed on an SDS±polyacrylamide gel followed
infected eukaryotic cells (Haffner et al., 1995; Reinhard by blotting to a PVDF membrane, washing, and blocking with BSA.
Recombinant CDC42Hs (or other indicated GTPase) was preloadedet al., 1995; Theriot et al., 1994). The proline-rich motifs
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with [g-32P]GTP followed by 5±8 min incubation with the filter, 5 min Microinjection and Immunofluorescence Procedures
PAE cells (gift of L. Claesson-Welsh, Ludwig Institute for Cancerwash, and 2 hr exposure to a film. The filter was then treated with
10% acetic acid, 50% methanol to dissociate the binding between Research) were grown in DMEM-F12 medium containing 10% fetal
bovine serum. PAE cells were microinjected with plasmids in theCDC42Hs and the effector proteins and was reprobed sequentially
with polyclonal anti-WASP antibody and with anti-hPAK65 antibody. nucleus, incubated for z5 hr, and fixed in 4% formaldehyde in Ca-
and Mg-free PBS. Immunofluorescence procedures using primary
antibodies against FLAG (Kodak) and Myc antibodies were carried
GST±WASP Expression Constructs and Polyclonal Antisera out essentially as described by Stokoe et al. (1994). When indicated,
A 825 bp MscI±XhoI fragment of the hWASP cDNA, corresponding cells were also stained with FITC±phalloidin (Sigma) at 0.5 mg/ml
to nucleotides 174±998,was cloned into the SmaI±XhoI site of pGEX- and by Texas red.
5X-3 (Pharmacia). This construct (pFusion3) was transformed into
Escherichia coli, and a GST fusion protein corresponding to WASP Acknowledgments
amino acids 48±321 was purified using protocols supplied by the
manufacturer. This protein was used to raise polyclonal antibodies Correspondence should be addressed to A. A. We thank Maria
in rabbits by standard procedures. The specificity of the antiserum Ruggieri, Gideon Bollag, and Heinz Furthmayr for critically reading
was confirmed by Western blot analysis of protein extracts from the manuscript, Justin Hsuan and Nick Totty for excellent expertise
WASP-expressing versus nonexpressing cells. in amino acid sequencing, Suzanne Pfeffer and Andy Wilde for ad-
A deletion of amino acids 237±257 was introduced into the pFu- vice on subcellular markers, Gaston Habets and Mike Freed for
sion3 construct by PCR-based mutagenesis to generate GST±WASP advice onBLAST searches, MattHart for the CDC42Hs-N17 plasmid,
without the GBD. The GST±GBD construct was made by PCR ampli-
and Lena Claesson-Welsh for a gift of PAE cells. U. F. and J. M. J. D.
fication of the region corresponding to amino acids 235±268 of the
were supported by the Howard Hughes Medical Institute, and V. L.
WASP cDNA with primers that contain the BamHI and EcoRI sites.
by an N.I.H. Research Grant to U.F.
The resulting fragment was ligated into the pGEX-5X-3 vector. Con-
structs were confirmed by DNA sequence analysis.
Received November 20, 1995; revised January 31, 1996.
ReferencesEpitope-Tagged Expression Constructs
pyDF30 (gift of D. Forentino, Howard Hughes Medical Institute, Stan-
Ammann, A.J., and Hong, R. (1989). Disorders of the T-cell system.ford University) is a mammalian expression vector consisting of an
In Immunologic Disorders in Infants and Children, E.R. Stiehm, ed.SRa promoter (SV40 early promoter fused to RU5 sequences from
(Philadelphia: W.B. Saunders Company), pp. 257±315.HTLV-I LTR) upstream of a 16S splice region and polyadenylation
Bagrodia, S., Taylor, S.J., Creasy, C.L., Chernoff, J., and Cerione,signal between which lies a NotI cassette containing a FLAG epitope
R.A. (1995). Identification of a mouse p21Cdc42/Rac activated ki-tag and restriction sites suitable for the insertion of cDNAs to pro-
nase (PAK). J. Biol. Chem. 270, 22731±22737.duce N-terminal FLAG fusion proteins. pFLAG-N1 was constructed
as follows: XbaI sites were introduced upstream of the WASP initia- Boguski, M.S., and McCormick, F. (1993). Proteins regulating Ras
tor methionine and in place of the WASP termination codon by using and its relatives. Nature 366, 643±654.
standard PCR mutagenesis. Thus, the entire hWASP cDNA could
Chant, J., and Stowers, L. (1995). GTPase cascades choreographingbe cloned in-frame into the XbaI site of the vector pyDF30, down-
cellular behavior: movement, morphogenesis, and more. Cell 81,stream of the FLAG epitope tag. Sequencing of pFLAG-N1 indicated,
1±4.however, that a single base deletion had occurred during construc-
Chong, L.D., Traynor-Kaplan, A., Bokoch, G.M., and Schwartz, M.A.tion that corresponds to a loss of a C-terminal nucleotide at position
(1994). The small GTP-binding protein Rho regulatesa phosphatidyl-1364 (Derry et al., 1994) andresults in a frameshift and thegeneration
inositol 4-phosphate 5-kinase in mammalian cells. Cell 79, 507±513.of a stop codon at position 444. pFLAG-N1, therefore, produces a
truncated protein lacking the last 59 amino acids of the mature Coso, O.A., Chiariello, M., Yu, J.-C., Teramoto, H., Crespo, P., Xu,
protein (WASPDC). The production of a truncated protein in N., Miki, T., and Gutkind, J.S. (1995). The small GTP-binding proteins
transfected cells was confirmed by Western blotting with both an Rac1 and Cdc42 regulate the activity of the JNK/SAPK signaling
anti-FLAG M2 monoclonal antibody and the pFusion3 polyclonal pathway. Cell 81, 1137±1146.
antiserum. pFLAG-N2 was constructed by introducing NotI sites Cvrckova, F., Virgilio, C.D., Manser, E., Pringle, J.R., and Nasmyth,
and a FLAG epitope tag by PCR mutagenesis, followed by replace- K. (1995). Ste20-like protein kinases are required for normal localiza-
ment of the entire NotI cassette of pyDF30. pFLAG-N2 produces an tion of cell growth and for cytokinesis in budding yeast. Genes Dev.
N-terminal FLAG epitope tag fused to the entire 502 amino acid 9, 1817±1830.
hWASP. This was confirmed by Western blotting. pEXV-Myc-
Derry, J.M.J., Ochs, H.J., and Francke, U. (1994). Isolation of a novelRac1V12 and pEXV-MycRac1N17 were previously described (Qiu
gene mutated in Wiskott±Aldrich syndrome. Cell 78, 635±644. Erra-et al., 1995a). pEXV-MycRhoAV14 and pEXV-MycRhoAN19 were
tum: Cell 79(5).described by Qiu et al. (1995b). pCMV-MycCdc42V12 and pCMV-
Derry, J.M.J., Kerns, J.A., Weinberg, K.I., Ochs, H.D., Volpini, V.,MycCdc42N17 were gifts of M. Hart.
Estivill, X., Walker, A.P., and Francke, U. (1995a). WASP gene muta-
tions in Wiskott±Aldrich syndrome and X-linked thrombocytopenia.
Transient Transfection and Hum. Mol. Genet. 4, 1127±1135.
Immunofluorescence Photomicroscopy Derry, J.M.J., Wiedemann, P., Blair, P., Wang, Y., Kerns, J.A., Lema-
Monkey COS7 and NRK epithelial cells (gift of L. Hein, Howard hieu, V., Godfrey, J., Wilkinson, J.E., and Francke, U. (1995b). The
Hughes Medical Institute, Stanford University) were transfected with mouse homolog of the Wiskott±Aldrich syndrome protein (WASP)
epitope-tagged WASP constructs via application of calcium phos- gene is highly conserved and maps near the scurfy (sf) mutation on
phate±DNA coprecipitates to cells grown on coverslips. Jurkat T the X chromosome. Genomics 29, 471±477.
cells growing in suspension were transfected by electroporation
Donnelly, S.F., Pocklington, M.J., Pallotta, D., and Orr, E. (1993). Aand then cytospun onto microscope slides. After transfection, cells
proline-rich protein, verprolin, involved in cytoskeletal organizationwere cultured for 40±48 hr, fixed in 3% paraformaldehyde, perme-
and cellular growth in the yeast Saccharomyces cerevisiae. Mol.abilized in 0.5% Triton X-100, and incubated with anti-FLAG mouse
Microbiol. 10, 585±596.monoclonal antibody M2 (Eastman Kodak Company). Signal was
detected with FITC-conjugated anti-mouse immunoglobulin anti- Gertler, F.B., Comer, A.R., Juang, J., Ahern, S.M., Clark, M.J., Liebel,
E.C., andHoffmann, M. (1995). enabled, a dosage-sensitive suppres-body. Rhodamine-conjugated phalloidin (Sigma) was used to stain
F-actin in dual-labeled experiments. Fluorescence photomicros- sor of mutations in the Drosophila Abl tyrosine kinase, encodes an
Abl substrate with SH3 domain-binding properties. Genes Dev. 9,copy was carried out on a Zeiss Axiophot with appropriate filter
sets for epifluorescence detection of FITC or rhodamine signals. 521±533.
WASP Is an Effector for CDC42Hs
733
Haffner, C., Jarchau, T., Reinhard, M., Hoppe, J., Lohmann, S.M., regulate the assemblyof multimolecular focalcomplexes associated
with actin stress fibers, lamellipodia, and filopodia. Cell 81, 53±62.and Walter, U. (1995). Molecular cloning, structural analysis and
functional expression of the proline-rich focal adhesion and microfil- Ochs, H.D., Slichter, S.J., Harker, L.A., Von, B.W., Clark, R.A., and
ament-associated protein VASP. EMBO J. 14, 19±27. Wedgwood, R.J. (1980). The Wiskott±Aldrich syndrome: studies of
lymphocytes, granulocytes, and platelets. Blood 55, 243±252.Hill, C.S., Wynne, J., and Treisman, R. (1995). The Rho family
GTPases RhoA, Rac1, and CDC42Hs regulate transcriptional activa- Parsey, M.V., and Lewis, G.K. (1993). Actin polymerization and pseu-
tion by SRF. Cell 81, 1159±1170. dopod reorganization accompany anti-CD3-induced growth arrest
in Jurkat T cells. J. Immunol. 151, 1881±1893.Johnson, D.I., and Pringle, J.R. (1990). Molecular characterization
of CDC42, a Saccharomyces cerevisiae gene involved in the devel- Peppelenbosch, M.P., Qiu, R.-G., de Vries-Smits, A.M.M., Tertoolen,
opment of cell polarity. J. Cell Biol. 111, 143±152. L.G.J., de Laat, S.W., McCormick, F., Hall, A., Symons, M.H., and
Bos, J.L. (1995). Rac mediates growth factor±induced arachidonicKenney, D., Cairns, L., Remold-O'Donnell, E., Peterson, J., Rosen,
acid release. Cell 81, 849±856.F.S., and Parkman, R. (1986). Morphological abnormalities in the
lymphocytes of patients with the Wiskott±Aldrich syndrome. Blood Pollard, T.D. (1995). Missing link for intracellular bacterial motility.
68, 1329±1332. Curr. Biol. 5, 837±840.
Knaus, U.G., Morris, S., Dong, H.J., Chernoff, J., and Bokoch, G.M. Qiu, R.-G., Chen, J., Kirn, D., McCormick, F., and Symons, M.
(1995). Regulation of human leukocyte p21-activated kinases (1995a). An essential role for Rac in Ras transformation. Nature 374,
through G protein±coupled receptors. Science 269, 221±223. 457±459.
Kolluri, R., Shehabeldin, A., Peacocke, M., Lamhonwah, A.M., Teich- Qiu, R.-G., Chen, J., McCormick, F., and Symons, M. (1995b). A
ert-Kuliszewska, K., Weissman, S.M., and Siminovitch, K.A. (1995). role for Rho in Ras transformation. Proc. Natl. Acad. Sci. USA 92,
Identification of WASP mutations in patients with Wiskott±Aldrich 11781±11785.
syndrome and isolated thrombocytopenia reveals allelic heteroge- Ramer, S.W., and Davis, A. (1993). A dominant truncation allele
neity at the WAS locus. Hum. Mol. Genet. 4, 1119±1126. identifies a gene, STE20, that encodes a putative protein kinase
Kozma, R., Ahmed, S., Best, A., and Lim, L. (1995). The Ras-related necessary for mating in Saccharomyces cerevisiae. Proc. Natl.
protein Cdc42Hs and bradykinin promote formation of peripheral Acad. Sci. USA 90, 452±456.
actin microspikes and filopodia in Swiss 3T3 fibroblasts. Mol. Cell. Reinhard, M., Giehl, K., Abel, K., Haffner, C., Jarchau, T., Hoppe,
Biol. 15, 1942±1952. V., Jockusch, B.M., and Walter, U. (1995). The proline-rich focal
Kwan, S.-P., Hagemann, T.L., Radtke, B.E., Blaese, R.M., and Rosen, adhesion and microfilament protein VASP is a ligand for profilins.
F.S. (1995). Identification of mutations in the Wiskott±Aldrich syn- EMBO J. 14, 1583±1589.
drome gene and characterization of a polymorphic dinucleotide re- Ridley, A.J., and Hall, A. (1992). The small GTP-binding protein rho
peat at DXS6940, adjacent to the disease gene. Proc. Natl. Acad. regulates the assembly of focal adhesions and actin stress fibers
Sci. USA 92, 4706±4710. in response to growth factors. Cell 70, 389±399.
Lehmann, J.M., Riethmuller, G., and Johnson, J.P. (1990). Nck, a Ridley, A.J., Paterson, H.F., Johnston, C.L., Diekman, D., and Hall,
melanoma cDNA encoding a cytoplasmic protein consisting of the A. (1992). The small GTP-binding protein rac regulates growth fac-
Src homolgy units SH2 and SH3. Nucl. Acids Res. 18, 1048. tor±induced membrane ruffling. Cell 70, 401±410.
Li, W., Hu, P., Skolnik, E.Y., Ullrich, A., and Schlessinger, J. (1992). Rivero-Lezcano, O.M., Marcilla, A., Sameshima, J.H., and Robbins,
The SH2 and SH3 domain-containing Nck protein is oncogenic and K.C. (1995). Wiskott±Aldrich syndrome protein physically associated
a common target for phosphorylation by different surface receptors. with Nck through Src homology 3 domains. Mol. Cell. Biol. 15, 5725±
Mol. Cell. Biol. 12, 5824±5833. 5731.
Manser, E., Leung, T., Salihuddin, H., Zhao, Z., and Lim, L. (1994). Simon, M.N., De Virgilio, C., Souza, B., Pringle, J.R., Abo, A., and
A brain serine/threonine protein kinase activated by cdc42 and rac1. Reed, S.I. (1995). Role for the Rho-family GTPase Cdc42 in yeast
Nature 367, 40±46. mating-pheromone signal pathway. Nature 376, 702±705.
Marcus, S., Polverino, A., Chang, E., Robbins, D., Cobb, M.H., and Stephen, A.F., Gish, W., Miller, W., Myers, E.W., and Lipman, D.
Wigler, M.H. (1995). Shk1, a homolog of the Saccharomyces cerevis- (1990). Basic local search tool. J. Mol. Biol. 215, 403±410.
iae Ste20 and mammalian p65PAK protein kinases, is a component
Stokoe, D., Macdonald, S.G., Cadwallader, K., Symons, M., and
of a Ras/Cdc42 signaling module in the fission yeast Schizosacchar-
Hancock, J.F. (1994). Activation of Raf as a result of recruitment to
omyces pombe. Proc. Natl. Acad. Sci. USA 92, 6180±6184.
the plasma membrane. Science 264, 1463±1467.
Martin, G.A., Bollag, G., McCormick, F., and Abo, A. (1995). A novel Stowers, L., Yelon, D., Berg, L.J., and Chant, J. (1995). Regulation
serine kinase activated by Rac1/Cdc42Hs-dependent autophosph- of the polarization of T cells toward antigen-presenting cells by Ras-
orylation is related to PAK65 and STE20. EMBO J. 14, 77±81. Corri- related GTPase CDC42. Proc. Natl. Acad. Sci. USA 92, 5027±5031.
genda: EMBO J. 14, 4385.
Teo, M., Manser, E., and Lim, L. (1995). Identification and molecular
Minden, A., Lin, A., Claret, F.-X., Abo, A., and Karin, M. (1995). cloning of a p21Cdc42/rac1-activated serine/threonine kinase that
Selective activation of the JNK signaling pathway and c-Jun tran- is rapidly activated by thrombin in platelets. J. Biol. Chem. 270,
scriptional activity by the small GTPases Rac and Cdc42Hs. Cell 26690±26697.
81, 1147±1157.
Theriot, J.A., and Mitchison, T.J. (1993). Three faces of profilin. Cell
Molina, I.J., Kenney, D.M., Rosen, F.S., and Remold-O'Donnell, E. 75, 835±838.
(1992). T cell lines characterize events in the pathogenesis of the
Theriot, J.A., Rosenblatt, J., Portnoy, D.A., Goldschmidt-Clermont,Wiscott±Aldrich syndrome. J. Exp. Med. 176, 867±874.
P.J., and Mitchison, T.J. (1994). Involvement of profilin in the actin-
Molina I.J., Sancho, J., Terhorst, C., Rosen, F.S., and Remold- based motitlity of L. monocytogenes in cells and in cell free extracts.
O'Donnell, E. (1993). T cells of patients with the Wiskott±Aldrich Cell 76, 505±517.
syndrome have a restricted defect in proliferative responses. J.
Villa, A., Notarangelo, L., Macchi, P., Mantuano, E., Cavagni, G.,Immunol. 151, 4383±4390.
Brugnoni, D., Strina, D., Patrosso, M.C., Ramenghi, U., Sacco, M.G.,
Mullen, C.A., Anderson, K.D., and Blaese, R.M. (1993). Splenectomy Ugazio, A., and Vezzoni, P. (1995). X-linked thrombocytopenia and
and/or bone marrow transplanation in the management of the Wiskott±Aldrich syndrome are allelic diseases with mutations in the
Wiskott±Aldrich syndrome: long-term follow-up of 62 cases. Blood WASP gene. Nature Genet. 9, 414±417.
82, 2961±2966.
Wengler, G.S., Notarangelo, L.D., Berardelli, S., Pollonni, G., Mella,
Nobes, C., and Hall, A. (1994). Regulation and function of the Rho- P., Fasth, A., Ugazio, A.G., and Parolini, O. (1995). High prevalence
subfamily of small GTPases. Curr. Opin. Genet. Dev. 4, 77±81. of nonsense, frame-shift and splice-site mutations in 16 patients
with full-blown Wiskott±Aldrich syndrome. Blood 86, 3684±3654.Nobes, C.D., and Hall, A. (1995). Rho, Rac, and Cdc42 GTPases
Cell
734
Williamson, M.P. (1994). The structure and function of proline-rich
region in proteins. Biochem. J. 297, 249±260.
Zheng, Y., Bagrodia, S., and Cerione, R.A. (1994). Activation of phos-
phoinositide-3-kinase activity by Cdc42Hs binding to p85. J. Biol.
Chem. 269, 18727±18730.
Zheng, Y., Bender, A., and Cerione, R.A. (1995). Interactions among
proteins involved in bud-site selection and bud-site assembly in
Saccharomyces cerevisiae. J. Biol. Chem. 270, 626±630.
Zhu, Q., Zhang, M., Blaese, R.M., Derry, J.M.J., Junker, A., Francke,
U., Chen, S.H., and Ochs, H.D. (1995). The Wiskott±Aldrich syndrome
and X-linked congenital thrombocytopenia are caused by mutations
of the same gene. Blood 86, 3797±3804.
Note Added in Proof
While this paper was in the reviewing process, AspenstroÈ m et al.
(1996), Curr. Biol. 6, 70±75, reported that CDC42Hs binds to WASP.
